features a heterometallic K 3 U-N-U core in which the two uranium(iii) are bridged by a nitride group. Three siloxide-ligated K + bind the nitride moiety, forming a distorted triangular array that is perpendicular to the U iii -N-U iii core with a U-N-U angle of 173.7(8)° and a U-U distance of 4.234(2) Å. Overall, the potassium-siloxide framework results in the presence of three flexible bidentate metalloligands bridging the two uranium ions.
Exposing the multimetallic uranium(iii) complex 1 to N 2 (0.5-1 atm) at room temperature in the solid state or in a toluene solution affords [K 3 {[U(OR) 3 ] 2 (μ -N)(μ -η 2 :η 2 -N 2 )}], 2, in 68% isolated yield (Fig. 2a) . The X-ray crystal structure of 2 (Fig. 1b) shows one nitrido atom and a side-on-bound hydrazido moiety ( − N 2 4 ) bridging two uranium centres in a diamond-shaped geometry with a U-U distance of 3.305(1) Å. The assignment of the three nitrogen atoms in 2 as a hydrazido(4− ) ligand and a nitrido(3− ) ligand requires a formal oxidation state of + 5 for the uranium ions, which is supported by electron paramagnetic resonance (EPR) data and variable-temperature magnetic data measured with a superconducting quantum interference device (SQUID; see Methods and Extended Data Fig. 1) .
Each of the three N atoms in 2 is also bound to a siloxide-ligated potassium cation. The U-N3 distance (2.069(2) Å) is in the range of U-N distances reported for nitride-bridged uranium compounds 23, 24 . The U 2 (μ -η 2 :η 2 -N 2 ) moiety features U-N bond distances ranging from 2.163(13) Å to 2.311(13) Å, consistent with the presence of U-N single bonds 25 . The value of the N-N bond length (1.521(18) Å) corresponds to the presence of a highly activated bound N 2 that has been reduced to a hydrazido 4− ( − N 2 4 ) moiety. This value is comparable to the observed bond length in hydrazine, H 2 NNH 2 (1.47 Å) and falls in the range of values (1.377(3)-1.635(5) Å) reported for hydrazido complexes 3, 6, 7, 9, 14 . The flexible potassium-siloxide framework plays a crucial role in holding together the U-N-U core while it bends upon N 2 binding (the U-N-U angle changes from 173.7(8)° in 1 to 106.0(5)° in 2). Notably, the different metallo-ligand framework provided by the caesium cation in Cs 3 U-N-U does not lead to well defined reactivity. Cs 3 U-N-U also reacts with N 2 under ambient conditions but the isolation of the reaction products was not successful owing to the concomitant formation of decomposition products. The identity of the specific alkali ion is ordinarily not critical, but a crucial effect of the nature of the cation has been recently shown in models of the iron-based Haber-Bosch process 26 and in models of the oxygen-evolving complex (OEC)
27
. The few N 2 -binding uranium complexes reported to date are, with one exception 21 , all dinuclear complexes with a side-on bridging N 2 (where the N-N distance remains essentially the same as found in free N 2 ) 22 or with a side-on bridging − N 2 2 moiety resulting from the two-electron reduction of N 2 by mononuclear complexes of uranium(iii) (each complex transferring one electron) [18] [19] [20] . We also note that uranium complexes containing the highly activated hydrazido moiety have not been reported so far. Moreover, no information on the reactivity of the dinitrogen in N 2 -bound uranium complexes has been reported to date, probably owing to the lability of the bound N 2 in the previously characterized complexes.
Treating 2 with 1 equiv. of 2,4,6-tri-tert-butylphenol (Fig. 2b) (Fig. 3b) . Adding excess PyHCl (20 equiv.) to complex 2 led to the formation of a precipitate, the 1 H NMR spectrum of which (in deuterated DMSO, dimethyl sulfoxide-d 6 ) shows ammonium chloride ( 14 NH 4 Cl) as the only product (Extended Data Fig. 3a) . This result and the isolation of complex 4 suggest that the protonation of complex 2 leads to complete cleavage of dinitrogen. The same experiment with the 15 N-labelled complex 15 Fig. 3b ). The addition of excess HBAr F , PyHCl or HCl to complex 2 resulted in overall yields of ammonia of 25%, 35% and 42% (Fig. 2d) , respectively (determined by quantitative NMR spectroscopy, shown in Extended Data Fig. 3c , and indophenol titration, considering a yield of 100% to be when 1 equiv. of complex 2 gives 3 equiv. of NH 3 ). The low ammonia yield could reflect hydrazine disproportionation to form N 2 .
Because direct hydrogenation of N 2 with hydrogen (H 2 ) under mild conditions is desirable, yet has been observed only for a few N 2 complexes 7, 9 , we also explored functionalizing the bound N 2 in complex 2 with H 2 . Letting 2 stand under H 2 (1 atm) at room temperature slowly consumes the complex over two to three weeks. The 1 H NMR spectrum of the final reaction mixture shows only the presence of the free ligand (10% yield), and no NH 3 is observed among the volatiles (Extended Data Fig. 4a) . However, adding a solution of HCl in ether to the product of the reaction of 2 with H 2 leads to formation of ammonia in 77% H NMR spectrum) in a 2:1 ratio, indicating that the three nitrogen atoms are all incorporated in the ammonia generated (Extended Data Fig. 4c ).
Complex 2 also reacts with CO (10 equiv.) in THF or benzene at room temperature to afford the U iv /U iv oxo/cyanate complex [K 2 {[U(OR) 3 ] 2 (μ -O)(μ -NCO) 2 }], 5, which was isolated by recrystallization from THF in 68% yield ( Fig. 2f and Extended Data Fig. 5a and b) . Elemental analysis supports the assignment of 5 as an oxo/cyanate complex, an assignment further corroborated by the formation of CN − as a by-product detected by 13 C NMR (Extended Data Fig. 5c ). The X-ray crystal structure of complex 5 (Fig. 4a) shows two [K{U(OR) 3 . The high reactivity of both the nitride and the hydrazido ligands in complex 2 with CO renders it difficult to envisage a possible synthetic cycle that would allow for the transformation of N 2 and CO into cyanate and then restore the U iii -N-U iii precursor. Anticipating reduced reactivity of the protonated nitride group with CO, we explored the reactivity of complex 3, and found that addition of CO (10 equiv.) to a toluene solution of 3 and standing for 24 h at room temperature gave brown crystals of the cyanate complex, 
. Thermal ellipsoids are depicted at 50% probability. Methyl groups are omitted for clarity. Only one of the two disordered positions of the N atoms (and Cl atoms for 4) is shown for complexes 3 and 4. Chlorine (Cl) is shown in purple, hydrogen is shown in white, and other colours as in Fig. 1 . 
. Thermal ellipsoids are depicted at 50% probability. Methyl groups are omitted for clarity. Only one of the two disordered positions of the NCO ligand is shown in complex 6. Colours as in Fig. 1 .
headspace from the reaction of Fig. 6d) .
The X-ray crystal structure of 6 ( Fig. 4b ) is consistent with a mixed-valent U iii /U iv complex, with one imido (NH 2− ) group and one cyanate (NCO − ) group (disordered over two crystallographic positions) bridging the two uranium centres in a non-planar diamond-shaped geometry. The mean value of the U-NH distance (2.18(3) Å) is longer than in complex 3 (2.10(5) Å), in agreement with the presence of a uranium(iii) centre.
The observed difference in reactivity between complex 2 and 3 is probably due to replacement of N 3− with a less electron donating NH 2− group, which enables U v reduction to U iii . Preliminary attempts to reduce complex 6 to regenerate the diuranium iii precursor have not been successful, and future studies will focus on the identification of possible synthetic cycles allowing the production of cyanate from N 2 and CO.
Bimetallic complexes containing highly activated side-on-bound dinitrogen ( − N 2 4 ) that can be further reduced and completely cleaved by the addition of reducing ligands such as H 2 or CO have so far only been reported for group 4 metals 6, 7, 9, 10, 14 . In these systems, the intermediate species (probably dinuclear Zr ii and Hf ii complexes) involved in N 2 activation were prepared by in situ reduction of mononuclear M iv complexes under a N 2 atmosphere and not characterized. Ligandinduced N 2 cleavage in these systems also differs from the reactivity of 2 and 3 in that no metal-centred electron transfer is involved 9, 10 , while the reaction of the (U-(N 2 ) 4− ) complex with CO that we report confirms uranium-centred electron transfer that yields different reaction products from those obtained with the group 4 metals.
We also note that the higher redox flexibility of uranium makes it well positioned for the implementation of catalytic N-C bondforming cycles that exploit the assembly of low-valent metals and alkali ions through bridging nitrides as an optimized arrangement for the cooperative binding and activation of dinitrogen; the stable yet flexible U-N-U core can bend to accommodate the N 2 moiety. We envisage that these design principles could also be extended to other metals, provided that the corresponding low-valent nitride complex can be stabilized, and thereby aid the development of new molecular systems for the catalytic transformation of N 2 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. N-3 with CO was performed under argon using an Agilent 7890B GC equipped with an HP-5MS UI column (60 m × 0.25 mm × 0.25 μ m) coupled to an MS detector. The reaction was conducted in a 1 ml vial equipped with a J. Young valve, and the pressure was equilibrated with argon at the end of the reaction. The headspace was recovered with a syringe from a septum adapted on the J. Young valve and immediately injected into the instrument. The analysis method used was 0.5 ml injection of sample, injection temperature of 250 °C, 5:1 split ratio, initial inlet pressure was 9.1 psi, but varied as the column flow was held constant at 1.2 ml min −1 for the duration of the run, the interface temperature was held at 280 °C, and the ion source (EI, 70 eV) was held at 230 °C. Scan range was set to 13-41 m/z, with a step size of 0.1 m/z. The oven temperature was initially held at 40 °C for 5 min followed by a temperature ramp to 150 °C at 15 °C min Fig. 7a) . A cold (− 70 °C) red-brown solution of [Cs{[U(OR) 3 ] 2 (μ -N)}] (223.2 mg, 0.101 mmol, 1 equiv.) in THF (2.0 ml) was added onto cold (− 70 °C) KC 8 (136.8 mg, 1.01 mmol, 10 equiv.) under argon. After 5 min stirring at − 70 °C, the resulting dark purple suspension was evaporated while maintaining the reaction flask at a cold temperature, and the resulting residue was extracted with 1 ml of cold n-hexane. The resulting suspension was filtered at − 70 °C to remove the excess of KC 8 and graphite, which were then washed with cold n-hexane (30 ml). The filtrate was concentrated (1 ml). After 4 h at − 70 °C, a dark purple solid formed that was collected on a cold filter, yielding 156. Fig. 7b and c) . Complex 1 (128.5 mg, 0.03 mmol) was introduced into a glass tube equipped with a J. Young valve under argon in a glove box. The tube was then connected to a Schlenk line and evacuated while keeping the tube immersed in liquid nitrogen. The solid was exposed to N 2 (0.5 atm) for 2 h at room temperature. The colour of the solid changed within a few minutes from dark purple to brown. The solid was stirred every 10 min. After 2 h, the solid was transferred into the glove box and dissolved in toluene at 40 °C. The resulting toluene solution was filtered and left standing at − 40 °C. After 2 days, 2 precipitated out of the solution as a microcrystalline brown solid that was dried under vacuum (60 mg, 68% yield H NMR spectroscopy (dimethyl sulfone as internal standard). The same result was obtained in a separate experiment by dissolving the white solid in 20 ml of distilled water for the indophenol test for ammonia quantification (25% yield of ammonia). Ammonia formation after reaction of compound 2 with H 2 and HCl(Et 2 O). In an NMR tube, a brown solution of 2 (5.2 mg, 0.0023 mmol) in 0.5 ml of toluene was prepared in a glovebox under argon. The solution was freeze-degassed three times and exposed to 1 atm of hydrogen gas. The tube was closed and left for three weeks at room temperature, until the starting material had disappeared. The Preliminary studies show that hydrogenation of complex 3 does not lead to decomposition, but to the clean formation of a new uranium species (Extended Data Fig. 8a ). Preliminary X-ray diffraction data measured for the new species show the presence of three non-bonded nitrogen atoms bridging two uranium centres, in agreement with the cleavage of the hydrazido bond by hydrogen. Fig. 8b ). In contrast, complex 6 does not react with carbon monoxide or with 2,4,6-tri-tert-butylphenol. 13 suggesting that hydrazide/nitride exchange occurs during protonation of 2 to yield 3 (Extended Data Fig. 8c) Table 2 . The diffraction data of 1 were measured at low temperature (100(2) K) using Mo Kα radiation on a Bruker APEX II CCD diffractometer equipped with a kappa geometry goniometer. The data set was reduced by EvalCCD 31 and then corrected for absorption 32 . The data collection of 2 and 3.toluene (3 co-crystallizes with a toluene molecule), 4, 5.THF (5 co-crystallizes with a THF molecule) and 6 were performed at low temperature (140(2) K for 2, 3. toluene, 5.THF and 6; 100(2) K for 4) Cu Kα radiation (λ = 1.54184 Å) for 2, 3.toluene, 4 and 5.THF and Mo Kα radiation (λ = 0.71073 Å) for 6 on a Rigaku SuperNova dual system in combination with an Atlas S2 CCD detector for the compounds 3.toluene and 5.THF and one equipped with an Atlas CCD detector for the compounds 4 and 6. The data reduction was carried out by CrysAlis . The crystal structures were refined using full-matrix least-squares based on F 2 with all non-hydrogen atoms anisotropically defined. Hydrogen atoms were placed in calculated positions by means of the 'riding' model. In the case of 1, extensive disorder was encountered during the refinement of one -OSi(Ot-butyl) 3 moiety and the split model combined with reasonable restraints (SADI, SIMU instructions in the SHELXL program) was employed to correctly treat it. Some geometrical restraints (SADI card) were applied to 3 t-butyl substituents and all carbon atoms were refined anisotropically but their thermal parameters were submitted to restraints (SIMU). The SQUEEZE 36 algorithm of PLATON was employed in the last stages of refinement to take into account spurious electron density peaks, probably due to disordered solvent molecules. In the case of 2, K and N atoms displayed a disordered arrangement complicated by symmetry (three-fold axes); K was treated by the split model whereas in the case of nitrogen atoms the occupancies were fixed to 1/3 for symmetry reasons. The displacement para meters of N1 and N3 were constrained by means of the EADP command. As for 1, restraints (ISOR card) were applied to the thermal parameters of all carbons. Additional electron density found in the difference Fourier map (due to highly disordered solvent) of compounds 3, 4, 5 and 6 was treated by the SQUEEZE algorithm of PLATON 36 . The μ -N 2 molecule and the μ -NH group bridging the metal centres in 3 were split into two orientations. The major and minor parts were refined anisotropically, but distance and similarity restraints (DFIX, SIMU and ISOR) had to be applied for a convergent least-square refinement, yielding site occupancy ratios of 0.57(2)/0.43 (2) . In 4 the μ -Cl and μ -NH bridging metal centres were split into two orientations. Two parts were modelled over two half-occupied sites, which were refined anisotropically, but distance and similarity restraints (SADI, SIMU and ISOR) had to be applied for a convergent least-square refinement. In 6 the μ 2 -NCO bridging metal centres was split into two orientations. The major and minor parts were refined anisotropically, but distance and similarity restraints and constrains (DFIX, SADI, ISOR and EADP) had to be applied for a convergent least-square refinement, yielding to site occupancy ratios of 0.57(1)/0.43 (1) . Magnetic and EPR analyses. Magnetic measurements were performed using a Quantum Design MPMS-5T superconducting quantum interference device (SQUID) magnetometer in a temperature range 2-300 K. The powder sample was enclosed in an evacuated quartz capsule and placed inside a plastic straw. The measurements were performed with applied magnetic field of 0.1 T in the zero-field cooled (ZFC) regime. The solid-state magnetic moment of 2 at 298 K was found to be of 1.80 μ B (where μ B is Bohr magneton units) per uranium. This value is significantly lower than the theoretical U v free ion value (μ eff = 2.54 μ B ) but is in the range of magnetic moments previously reported for U v complexes (1.35-3.40 μ B ) 37 . The value of the magnetic moment per uranium decreases gradually with temperature, reaching 1.44 μ B at 50 K and then more rapidly reaching a value of 0.48 μ B at 5 K. This temperature response of the magnetic moment is also characteristic of U v complexes. The magnetic susceptibility of 2 (Extended Data Fig. 1b) shows a paramagnetic behaviour from 300 K down to approximately 50 K where a deviation occurs, which can probably be attributed to antiferromagnetic coupling between two uranium spins. The X-band (9.40 GHz)
Synthesis of [K 3 {[U(OR) 3 ] 2 (μ-N)}], compound 1 (Extended Data
Letter reSeArCH EPR spectrum of 2 (Extended Data Fig. 1a) was measured on a solution of 2 (2 mg, 0.0009 mmol) in 170 μ l of a mixture of toluene/n-hexane (1:1), with a Bruker Elexsys E500 spectrometer working at 9.4 GHz frequency with an Oxford ESR900 cryostat for 4-300 K operation. Baseline correction of the raw EPR spectrum was performed with cubic spline (Xepr 2.4b.12, Bruker). Simulations were performed with the Easyspin 5.1.3 program 38 . The X-band (9.40 GHz) EPR spectrum of complex 2 shows an intense signal at 10 K that was fitted with a rhombic set of g-values (g 1 = 1.73; g 2 = 0.78; g 3 = 0.46), confirming the presence of uranium in the + 5 oxidation state. The g values of 2 can be compared to those reported for an octahedral uranium(v) monoxo-complex (g 1 = 1.248; g 2 = 0.856; g 3 = 0.485) 39 . Data availability. The data supporting the findings of this study are available within the main text and Extended Data. Atomic coordinates and structure factors for the reported crystal structures have been deposited in the Cambridge Crystallographic Data Centre under the accession codes CCDC 1517461 (1), 1517458 (2), 1517463 (3.toluene), 1517459 (4), 1517462 (5.THF) and 1517460 (6) . These data can be obtained free of charge from The Cambridge Crystallographic Data Centre (www.ccdc.cam.ac.uk/data_request/cif ).
